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Upgraded experiments with super neutrino beamsV. Barger,1 Patrik Huber,1 Danny Marfatia,2 and Walter Winter31Department of Physis, University of Wisonsin, Madison, WI 53706, USA2Department of Physis and Astronomy, University of Kansas, Lawrene, KS 66045, USA3Institut f�ur theoretishe Physik und Astrophysik,Universit�at W�urzburg, D-97074 W�urzburg, GermanyWe ompare the sensitivities of possible upgrades of superbeam experiments, namely NO�A,T2KK and experiments with wide band beams, to a nonzero �13, to CP violation and to theneutrino mass hierarhy. For the proposed luminosities, we �nd the best nominal CP violationperformane for T2KK and the best mass hierarhy performane for a wide band beam experiment.However, for equal luminosities, the physis onept on whih NO�A is based has the best potentialfor disovering CP violation.PACS numbers: 14.60.PqIntrodution. Extensive reent experimental explo-ration has revealed that neutrinos are massive [1℄. This�nding neessitates the existene of physis beyond theStandard Model of partile physis. Massive neutrinosmay also have far-reahing onsequenes for osmology.They may shed light on the origin of the baryon asym-metry in our universe and on why the universe is in anaelerating phase in its expansion. It is therefore imper-ative that the origin of neutrino masses be determined.A plethora of neutrino mass models have been pro-posed and preise knowledge of neutrino parameters isrequired to test them. Spei�ally, the value of themixing angle �13 and the type of mass hierarhy (i.e.,whether m1;m2 < m3, alled the normal hierarhy orm1;m2 > m3, alled the inverted hierarhy) will helpdistinguish between models based on lepton avor sym-metries, models with sequential right-handed neutrinodominane and more ambitious models based on GUTsymmetries [2℄. A reent survey of 61 models that areonsistent with urrent osillation data and have on-rete preditions for �13 found that half of them pre-dit sin2 2�13 > 0:015 [3℄. GUT models and models withright-handed neutrino dominane naturally yield a nor-mal hierarhy and a relatively large �13 (although in a fewGUT models, an inverted hierarhy an be obtained with�ne-tuning). Models based on leptoni symmetries aneasily aommodate an inverted hierarhy and small �13.Thus, experimental establishment of an inverted hierar-hy and small �13 would lend support to models based onleptoni symmetries and redue the interest in GUTmod-els and models with right-handed neutrino dominane.On the other hand, if �13 is found to be large, distin-guishing between the three di�erent lasses of models willbe diÆult. However, if in addition to a large �13, thehierarhy is found to be inverted, it will be possible toexlude the sublass of SO(10) GUT models that employso-alled lopsided mass matries beause they predit anormal hierarhy.Clearly, experiments with good sensitivity to �13 and

the mass hierarhy are indispensable for sifting out a re-strited lass of neutrino mass models. Preision mea-surements of deviations of the atmospheri osillation an-gle �23 from �=4 are also useful in distinguishing betweenmodels. The deviation from maximal atmospheri mix-ing provides an exellent probe of how symmetry break-ing ours in models based on leptoni symmetries. TheDira CP phase ÆCP in the neutrino mixing matrix maybe related to the CP violation required for leptogenesis(whih is a diret onsequene of the seesaw mehanism)and it may therefore be possible to test both the seesawand the origin of the baryon asymmetry in our universeby measuring this CP phase.If neutrinos do not have approximately degeneratemasses, the sensitivity of experiments seeking to detetneutrinoless double beta deay (thereby on�rming thatneutrinos are Majorana partiles), is strongly impatedby whether the mass hierarhy is normal or inverted.Long-baseline neutrino experiments o�er the only wayto establish a nonzero �13, to determine the mass hier-arhy and to detet neutrino CP violation. There aretwo strategies being onsidered for a future experimentalprogram, with ombinations of di�erent types of neu-trino beams and detetor tehnologies. O�-axis beamshave a narrow beam energy, permitting a ounting exper-iment at an osillation maximum with low bakground.Wide band beams have a higher ux and allow an ex-periment that utilizes spetral energy information, butrequires large sophistiated detetors with very good en-ergy resolution and neutral-urrent rejetion to reduebakgrounds.The Tokai-to-Kamioka (T2K) experiment [4℄ will usean o�-axis beam. The proposed NuMI O�-axis �e Ap-pearane (NO�A) experiment [5℄ (and its seond phase)and the Tokai-to-Kamioka-and-Korea (T2KK) exten-sion [6℄ of the T2K experiment also plan to employ o�-axis beams. Reently, workers at Brookhaven NationalLaboratory (BNL) [7℄ have advoated a wide band beam(WBB) experiment, the virtues of whih have been in-



2vestigated in Ref. [8℄. With the looming possibility of aDeep Underground Siene and Engineering Laboratory(DUSEL) [9℄ in the U.S., and its apaity to house verylarge detetors, it is timely to evaluate the relative mer-its of the two experimental approahes with upgradedsuperbeams.So far, the experimental options and assumptionsmade in analyses have been so diverse that an objetiveomparison is not possible. For example, one experimentmay seem to have greater sensitivity simply beause theexposure assumed is muh larger than that of anotherexperiment.We arry out a tehnially omprehensive study with arealisti treatment of systemati errors, orrelations anddegeneraies [10℄. Our goal is to larify the physis reahof the di�erent proposals by analyzing them on an equalfooting. We present the sensitivities of the experimentsto a nonzero �13, the mass hierarhy and to CP violationas a funtion of exposure so that merits of the di�erentexperimental tehniques are evident.Experimental setups and analysis tehniques.We use the GLoBES software [11℄ for our simulations.Table I displays parameters of the experiments.Our NO�A simulation is based upon the proposal [5℄and reent studies on the performane of a Liquid Ar-gon time projetion hamber (LArTPC) [12℄. We as-sume NO�A phase II (3 years � and 3 years ��) with a100 kt LArTPC, whih has a 0.8 signal eÆieny andonly beam intrinsi �e and ��e bakgrounds. We split theevent sample into quasi-elasti (QE) events with 5% en-ergy resolution and the non-QE harged urrent eventswith 20% energy resolution. We have arried out a dedi-ated optimization study in baseline versus o�-axis angleplane whose details an be found in [13℄. We �nd that thebest loation for all measurements is the Ash River site(12 km o�-axis at L = 810 km) where NO�A phase I isloated. None of the alternative sites suh as in Ref. [14℄performs as well as Ash River. This result holds even ifNO�A phase I data is taken into aount.For the WBB experiments, we use the simulation fromRef. [8℄ and hoose the Fermilab-Homestake baseline L =1290 km for referene. We onsider two possible detetortehnologies: A 300 kt water Cherenkov detetor and a100 kt liquid argon TPC. We assume that �ve years ofneutrino running with a 1 MW beam will be followed by�ves years of running with a 2 MW beam.For the NO�A and WBB setups, we use a systematiunertainty of 5% on both signal and bakground, unor-related between neutrino and antineutrino hannels.For our T2KK simulation, we employ the values fromRef. [6℄ with a 2.5Æ o�-axis beam. Our simulation is basedupon the analysis of the Tokai-to-HyperKamiokande ex-periment in Ref. [15℄, i.e., we use the spetral informationfor quasi-elasti (QE) events, and the total event rate forall harged urrent (CC) events. We inlude 5% signaland bakground errors, as well as a 5% bakground en-

ergy alibration error whih are orrelated between thetwo detetors in Japan and Korea, but unorrelated be-tween the neutrino and antineutrino hannels.We adopt �m221 = +8 � 10�5 eV2, �m231 = +2:5 �10�3 eV2, sin2 �12 = 0:3, sin2 �23 = 0:5 for the osillationparameters. We assume that the atmospheri osillationparameters are measured to 10%, the solar parametersare measured to 4%, and the matter density along thebaseline is known to 5%. We inlude all orrelations anddegeneraies in the analysis. Details of our simulationsare presented in Ref. [13℄.Results. In Fig. 1 we show the omparison of super-beam upgrades in the on�gurations of Table I for thesin2 2�13, CP violation, and normal hierarhy disoveryreahes. This omparison illustrates whih of the plannedexperiments has the best physis potential. Interestingly,the optimal physis performane depends on the perfor-mane indiator. The sin2 2�13 6= 0 disovery reahes arevery similar for all the experiments. T2KK has the bestCP violation potential. The WBB experiments an de-tet the mass hierarhy down to sin2 2�13 ' 10�2 for allvalues of ÆCP, whih makes them the best upgrade for themass hierarhy (as a result of their long baseline and highenergy and onsequently strong matter e�ets). How-ever, this �gure does not permit a balaned assessmentof whih experiment is the best physis onept beauseof the very di�erent assumptions for the luminosities ineah proposed experiment.In order to make an unbiased omparison of the physispotentials of the experimental setups we onsider theirsensitivities as funtions of exposure whih we de�ne to beL = detetor mass [Mt℄ � target power [MW℄ � runningtime [107 s℄. The target power represents the bottlenekin tehnologial diÆulty. Note that instead of the run-ning time in years, the exposure uses the atual availabletime of the aelerator for the neutrino experiment. ForNO�A and the WBB, we use 1:7 �107 seonds uptime peryear, and for T2KK, we use 107 seonds uptime per year(as antiipated in the orresponding douments). Notethat this de�nition does not aount for the level of so-phistiation of di�erent detetor tehnologies, but it willallow for an identi�ation of the break-even point of thedetetor ost. We show the exposure for the disussedexperiments in the last olumn of Table I. It is evidentthat NO�A has the lowest exposure, whereas T2KK hasthe highest. While we will show a normalized omparisonof the experiments based on the exposure, it is notewor-thy that there may be other issues, suh as robustness ofsystematis and a di�erent experiment optimization thatmay modify the onlusions. We will disuss these issueselsewhere [13℄.In Fig. 2 we show the disovery reahes for sin2 2�13,CP violation, and normal mass hierarhy versus the ex-posure for a fration of ÆCP of 0.5 (see �gure aption).The NO�A urves for the sin2 2�13 and CP violation dis-overies are onsistently (for any exposure) lower than



3Setup POT �/yr t� [yr℄ POT ��/yr t�� [yr℄ PTarget [MW℄ L [km℄ Detetor tehnology mDet [kt℄ L [MtMW 107 s℄NO�A 10 � 1020 3 10 � 1020 3 1 (�) 810 Liquid argon TPC 100 1.02WBB+WC 22:5 � 1020 5 45 � 1020 5 1 (�) +2 (��) 1290 Water Cherenkov 300 7.65WBB+LAr 22:5 � 1020 5 45 � 1020 5 1 (�) +2 (��) 1290 Liquid argon TPC 100 2.55T2KK 52 � 1020 4 52 � 1020 4 4 (�) 295+1050 Water Cherenkov 270+270 17.28TABLE I: Setups onsidered, numbers of protons on target per year (POT/yr) for the neutrino and antineutrino running modes,running times in whih these be ahieved, orresponding target power PTarget, baselines L, detetor tehnology, detetor massmDet, and exposure L.
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FIG. 1: Comparison of superbeam upgrades in the on�gurations of Table I at the 3� C.L. The plots show the disoveryreahes for a nonzero sin2 2�13, CP violation, and the normal hierarhy. The \fration of ÆCP", quanti�es the fration of all(true) values of ÆCP for whih the orresponding quantity an be measured.the ones of the other experiments, whereas the urvesfor the WBB experiments are lower than any other urvefor the mass hierarhy disovery. If all experiments wereoperated at the same exposure, these experiments wouldyield the best results. All of the urves sale relativelysmoothly as a funtion of exposure exept the CP viola-tion urve for NO�A. A further luminosity inrease ouldenhane the NO�A potential for CP violation onsider-ably (by enabling the resolution of degeneraies at thison�dene level). The other setups are relatively insen-sitive to small variations in exposure. For CP violation,the WBB and T2KK onepts are more or less equiva-lent sine the urves almost overlap. The WBB-WC andthe T2KK urves interset at some points. These inter-setions limit the exposure ranges in whih one exper-iment dominates the other. For example, for sin2 2�13,T2KK plans to operate with an exposure for whihthe WBB-WC onept would perform slightly better,whereas a signi�antly lower exposure would make T2KKthe more sensitive experiment. Finally, one an read o�the break-even point between the water Cherenkov andliquid argon-tehnologies in WBB experiments. For ex-ample, for sin2 2�13, the water Cherenkov and liquid ar-gon tehnologies are separated by about a fator of 2.5
in exposure, whih means that liquid argon is the hoieof tehnology if the ost per kt of liquid argon is smallerthan the ost for 2.5 kt water. Note that the orrespond-ing sensitivities to CP violation and the mass hierarhyare quite similar.Summary and onlusions. It is ruial that themixing angle �13, the nature of the neutrino mass hier-arhy and whether CP is violated in the neutrino setor,be determined to omplete the parameter set that de�nesthe neutrino mass matrix. This program is of fundamen-tal value for understanding the origin of neutrino massesand for seleting between neutrino mass models.In the not-too-distant future, the planning stage forlong-baseline neutrino experiments with super neutrinobeams and large detetors will end. We have providedthe �rst analysis of various experimental on�gurationson an equal-footing by expressing their sensitivities asfuntions of exposure. By enabling a balaned ompari-son, our study identi�es whih physis onept is optimalfor whih measurement. If a large liquid argon TPC anbeome a reality, our analysis indiates that with a mod-est inrease in exposure, an upgraded NO�A experimenthas muh better sensitivity to a nonzero �13 and to CPviolation than previous estimates suggested. However,
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FIG. 2: The disovery reahes (at the 3� C.L.) for nonzerosin2 2�13, CP violation, and the normal hierarhy as funtionsof exposure. The line types are the same as in Fig. 1 andthe vertial lines mark the proposed luminosities as listed inTable I. The urves orrespond to a fration of ÆCP of 0.5,i.e., the median of the distribution. This means that theperformane will be better for 50% of all ases of ÆCP andworse for 50% of all ases of ÆCP; it is sometimes referred toas the \typial value of ÆCP".the longer baselines planned for experiments with wideband beams o�er better sensitivity to the mass hierarhy.Aknowledgments. This researh was supported by theU.S. Department of Energy under Grants No. DE-FG02-
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